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Abstract 

4-Nerolidylcatechol (4-NC) is found in Pothomorphe umbellata root extracts and is reported to have a topical protective effect 
against UVB radiation-induced skin damage, toxicity in melanoma cell lines, and antimalarial activity. We report a comparative 
study of the antioxidant activity of 4-NC and a-tocopherol against lipid peroxidation initiated by two free radical-generating 
systems: 2,2'-azobis(2-aminopropane) hydrochloride (AAPH) and FeS0 4 /H 2 0 2 , in red blood cell ghost membranes and in egg 
phosphatidylcholine (PC) vesicles. Lipid peroxidation was monitored by membrane fluidity changes assessed by electron 
paramagnetic resonance spectroscopy of a spin-labeled lipid and by the formation of thiobarbituric acid-reactive substances. 
When lipoperoxidation was initiated by the hydroxyl radical in erythrocyte ghost membranes, both 4-NC and a-tocopherol acted 
in a very efficient manner. However, lower activities were observed when lipoperoxidation was initiated by the peroxyl radical; 
and, in this case, the protective effect of a-tocopherol was lower than that of 4-NC. In egg PC vesicles, malondialdehyde 
formation indicated that 4-NC was effective against lipoperoxidation initiated by both AAPH and FeS0 4 /H 2 0 2 , whereas a- 
tocopherol was less efficient in protecting against lipoperoxidation by AAPH, and behaved as a pro-oxidant for FeS0 4 /H 2 0 2 . 
The DPPH (2,2-diphenyl-1-picrylhydrazyl) free-radical assay indicated that two free radicals were scavenged per 4-NC 
molecule, and one free radical was scavenged per a-tocopherol molecule. These data provide new insights into the antioxidant 
capacity of 4-NC, which may have therapeutic applications for formulations designed to protect the skin from sunlight 
irradiation. 
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Introduction 

The compound 4-nerolidylcatechol (4-NC) can be 
isolated from the root of Pothomorphe umbellata L. Miq. 
(1), a native plant of the Brazilian Atlantic Forest that is 
more commonly known as "pariparoba". P. umbellata root 
extracts have demonstrated antioxidant activity against 
spontaneous brain lipid peroxidation in vitro, as evaluated 
by malondialdehyde (MDA) formation and chemilumines- 
cence emission. Part of this protection has been attributed 
to 4-NC (2). As an antioxidant, P. umbellata root extracts 
and 4-NC have also demonstrated topical protective 
activities against UVB radiation-induced skin damage 
and prevented a-tocopherol depletion in the skin of 
hairless mice following UVB exposure (3,4). P. umbellata 
root extracts, and, to a lesser extent, 4-NC can inhibit 
activity of the metalloproteinases MMP-2 and MMP-9 (5), 



which are family members of a group of matrix-degrading 
enzymes, and whose synthesis is increased in response 
to UV irradiation. These metalloproteinases play impor- 
tant roles in morphogenesis, angiogenesis, arthritis, skin 
ulcer formation, tumor invasion, and metastasis (6,7). 
Furthermore, it has been shown that 4-NC is able to 
induce apoptosis in melanoma cell lines (8,9) and that 4- 
NC derivatives have significant antimalarial and cytotoxic 
potential (10,11). 

Both vitamin E and 4-NC molecules are hydrophobic 
(Figure 1); thus, in its role as an antioxidant, 4-NC is likely 
to protect the cell membrane from lipid peroxidation. Lipid 
peroxidation is initiated by reactive oxygen species 
(ROS), such as hydroxyl radicals, ('OH), alkoxyl radicals 
(LO"), and the peroxyl radical (LOO'), which can abstract a 
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Figure 1. Structure of ( + )-catechin, oc-tocopherol, 4-nerolidylca- 
techol (4-NC), and the spin label 5-doxyl stearic acid (5-DSA). 

hydrogen atom from the methylene group of an unsatu- 
rated fatty acid, forming a carbon-centered radical that 
combines with oxygen to form a peroxyl radical that is 
able to abstract another hydrogen atom (12,13). 
Peroxidation propagates until a chain-breaking antiox- 
idant such as vitamin E is able to stop the chain reaction 
or until two free radicals annihilate each other to terminate 
the chain reaction by forming cyclic peroxide (LOOL) (12). 
Extensive lipid peroxidation in the cell causes a loss of 
membrane fluidity, a decrease in membrane potential, 
and electrolyte leakage (12,14). Membrane stiffness 
associated with lipid peroxidation has been assessed by 
electron paramagnetic resonance (EPR) spectroscopy 
with spin labeling (14-17) and by the spectroscopy of 
fluorescent probes (18,19), which has proved to be very 
reliable in detecting the occurrence of lipid peroxidation. 

We used EPR spectroscopy to evaluate the protective 
effects of 4-NC against lipid peroxidation initiated by the free 
radical-generating systems 2,2'-azobis(2-aminopropane) 
hydrochloride (AAPH) or FeS0 4 /H 2 0 2 in isolated erythrocyte 
membranes. For comparison, the effect of a-tocopherol 
was evaluated in parallel. The antioxidant potentials of 
4-NC and a-tocopherol were also tested by analyzing MDA 
formation in egg phosphatidylcholine (PC) vesicles and 
erythrocyte ghost membranes using the same initiators of 
lipid peroxidation. 

Material and Methods 

Chemicals 

a-tocopherol, the 5-doxyl stearic acid (5-DSA) spin 
label, ( + )-catechin (Figure 1), 2,2-diphenyl-1-picrylhydrazyl 
(DPPH), egg phosphatidylcholine, AAPH, iron sulfate, and 
hydrogen peroxide were purchased from Sigma (USA). All 
of the other chemicals were of the highest grade available 
and the buffers were prepared with a Milli-Q water system 
(Millipore, Germany). 

Purification of 4-NC 

P. umbellata roots were purchased from a herbarium 
supply company (Flora Medicinal, Vale do Ribeira, SP, 
Brazil). The certified roots (1 kg) were dried, milled, and 



exhaustively extracted by ultrasonication for 1 h with 
dichloromethane, yielding a crude extract (184.2 g) after 
solvent evaporation. The crude extract was initially chro- 
matographed [thin-layer chromatography (TLC); Si0 2 ; 
dichloromethane:acetone, 99:1 (v/v)] in parallel with pre- 
vious authentic P. umbellata extracts showing a character- 
istic composition profile. Next, it was chromatographed on a 
flash-filtering silica gel 60 (0.063-0.2 mm, Merck, USA) 
column (90 x 330 mm) and eluted with a hexane:ethyl 
acetate gradient elution. The apolar fractions that were 
obtained were recombined and submitted to a flash 
chromatography silica gel (0.063-0.2 mm, Merck) column 
(90x330 mm) on a Buchi Sepacore prep-MPLC System 
(Buchi Labortechnik, Switzerland). The sample constituents 
were eluted with dichloromethane:cyclohexane:methanol 
(5:2:1, v/v/v) on a Sephadex LH-20 (GE Healthcare Bio- 
Sciences, Japan) column (49 x 920 mm) at a flow rate of 
40.0 mL/min and monitored at 220/280 nm (Buchi UV 
detector model C-660). Fractions containing 4-NC were 
detected by TLC analysis and further purified on a 
Sephadex LH-20 GE column (49 x 920 mm; 220 nm) to 
yield a pale yellow oil (1 .2 g) that was chemically identified as 
4-NC by [ 1 H]- and [ 13 C]-NMR. Sample purity was assessed 
with a peak purity analysis using high-performance liquid 
chromatography with a photodiode array detector. The 
chromatographic conditions were as follows: RP-C18 
Phenomenex column (150x4.6 mm; 4 urn) using 
ACN:MeOH:H 2 0 (54:20:26, v/v/v) as the mobile phase 
and a flow rate of 1.0 mL/min. The peak similarity at three 
peak spectra (upslope, downslope, and apex) gave values 
greater than or equal to 0.99. 

DPPH assay 

The free radical-scavenging activity of 4-NC was 
determined by its ability to reduce the free-radical DPPH 
following the method of Brand-Williams et al. (20). Small 
aliquots of ethanol solutions of 4-NC, a-tocopherol, or 
( + )-catechin were added to 75 uM DPPH in methanol. 
These solutions were prepared daily. The total stoichio- 
metric value of n (the number of DPPH that each antioxidant 
molecule is able to reduce) for each antioxidant was 
calculated from the absorbance decay measurements at 
515 nm after a 30-min incubation with the various solutions. 

Preparation of liposomes 

Egg PC was dissolved in a chloroform:methanol 
mixture (2:1, v/v). A lipid film was formed in a glass tube 
by evaporating the solvent with a nitrogen gas flux. The 
film was then kept under vacuum overnight to remove any 
residual organic solvent. To obtain uniform unilamellar 
vesicles, the lipid film was hydrated with an appropriate 
volume of Tris-HCI buffer (50 mM Tris, 0.1 mM diethylene 
triamine pentaacetic acid, 0.05 mM KCI, 0.35% HCI, 
pH 7.4) and then extruded through 0.4-uM pore size 
polycarbonate filters using a mini-extruder (Avanti Polar 
Lipids, Inc., USA). The extrusion process, consisting of 
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approximately 21 serial passes, was performed at room 
temperature (liquid crystalline phase). 

Preparation of erythrocyte ghosts 

Human blood, obtained from blood banks (unknown 
donors), was diluted in phosphate-buffered saline (PBS; 
10 mM phosphate, 154 mM NaCI, pH 7.4) and centri- 
fuged at 200 g for 10 min at 4°C. The plasma and white 
blood cells were carefully removed by aspiration after 
each wash (3 times). For the ghost preparation, the 
isolated red blood cells (RBCs) were incubated in lysis 
buffer (5 mM phosphate, pH 8.0) overnight. On the next 
day, the samples were centrifuged at 20,000 g for 10 min 
at 4°C. To remove hemoglobin, the addition of a lysis 
buffer and subsequent centrifuging was repeated five 
times (without incubation). To recover the original shape 
of the erythrocyte membranes, the sample was centri- 
fuged in PBS twice. At the end of this procedure, 
concentrated erythrocyte membranes with a whitish color 
were obtained and stored at -20°C until use. 

Incorporation of antioxidants in membranes 

Small aliquots of 4-NC or a-tocopherol in ethanol were 
placed in glass tubes, and the ethanol was evaporated 
using a nitrogen gas flux. Fifty microliters of egg PC 
liposomal membranes (initial concentration 16 mM) or 
erythrocyte ghost membranes (~4 mg protein/mL) was 
added to the antioxidant film. The membrane suspension 
was gently agitated and incubated for 1.5 h at 37°C to 
allow complete incorporation of antioxidants into the 
membranes. Control measurements were performed 
before and after this period of incubation. In all of these 
experiments, concentrations of the antioxidants 4-NC and 
a-tocopherol ranged from 1 to 100 |^M. 

Induction of lipid peroxidation 

To induce oxidative stress, the egg PC liposomal 
membranes that were previously treated with different 
concentrations of antioxidant molecules (1 to 100 jxM) 
were added to a solution of 30 mM AAPH/Tris-HCI buffer 
or to a neutral solution of 0.1/1 mM FeS0 4 /H 2 0 2 in 
50 mM NaCI. The final concentration of egg PC liposomal 
membranes was 1.6 mM in both experiments. Similarly, 
erythrocyte ghost membranes with or without antioxidant 
(1 to 100 uM) were added to a solution of AAPH in PBS or 
to a neutral solution of FeS0 4 + H 2 0 2 (erythrocyte ghost 
final concentration of 0.134 mg protein/mL). All of the 
samples in these four types of experiments were 
incubated for 3 h at 37°C and were gently agitated every 
30 min. 

Assessment of antioxidant capacity of 4-NC and 
a-tocopherol 

The formation of thiobarbituric acid-reactive sub- 
stances (TBARS) was measured according to a previously 
described protocol (21). After the oxidation process, the 



suspension of egg PC vesicles or erythrocyte ghost 
membranes was centrifuged at 20,000 g. Two milliliters 
of solution containing 15% trichloroacetic acid, 0.375% 
thiobarbituric acid, and 0.25 M HCI was added to the 
supernatant of each sample. Subsequently, the samples 
were heated at 95°C in a water bath for approximately 
30 min and rapidly cooled to stop the TBARS reaction. The 
suspension was centrifuged at 20,000 g and 25°C for 
10 min. The supernatant absorbance was read at 532 nm 
using a T80+ spectrophotometer (PG Instruments, 
England). MDA concentrations were calculated using a 
molar extinction coefficient of 1.56 x 10 5 -M" 1 -cm" 1 . 

EPR spectroscopy 

After the oxidative stress protocol, erythrocyte ghosts 
diluted in PBS were centrifuged at 20,000 g and 4°C for 
10 min. A small aliquot (1 |xL) of spin label 5-DSA in 
ethanol solution (5 mg/mL) was added to the precipitated 
membranes (50 ul). For EPR measurement, the ghost 
suspension was transferred to a capillary tube and flame- 
sealed. EPR measurements were performed using a 
Bruker ESP 300 spectrometer (Bruker, Germany) 
equipped with an ER 4102 ST resonator at room 
temperature (24°-26°C). The instrument settings were 
as follows: microwave power: 2 mW; modulation fre- 
quency: 100 kHz; modulation amplitude: 1.0 G; magnetic 
field scan: 100 G; sweep time: 168 s, and detector time 
constant: 41 ms. The EPR spectrum simulations were 
performed using the nonlinear least-squares fitting (NLLS) 
program developed by Budil et al. (22). In the spectral 
calculations, the NLLS program includes the magnetic 
g- and /\-tensors and the rotational diffusion tensor (R), 
which are expressed in a system of Cartesian axes fixed 
in the spin-labeled molecule. To reduce the number of 
parameters in the fittings and to simplify the simulation, 
the average rotational diffusion rate, R bar , was calculated 
by the fitting program using the relation R bar = (R pe r 2 Rpar) 1/3 , 
where R per is the perpendicular and R par is the parallel 
component of the rotational diffusion (22). R bar was 
converted to the parameter rotational correlation time, x c , 
following the relationship x c =1/6 R bar . In this study, the 
spectra were simulated with a model of a single spectral 
component. Similar to previous studies (23,24), the 
magnetic parameters were determined based on a global 
analysis of the overall spectra obtained in this study, and all 
of the EPR spectra were simulated using the same 
predetermined parameters. The input parameters of 
tensors A and g were A xx . 7.0 G; A yy : 7.2 G; A zz . 31.0 G; 
g xx : 2.0083; g yy : 2.0060; g zz . 2.0027. 

Results 

DPPH radical-scavenging activity 

The H-donating capacity of 4-NC (Figure 1) and 
a-tocopherol was measured for an excess of DPPH 
radicals. The absorbance decay was more rapid for 4-NC 
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and a-tocopherol, reaching a stable value of equilibrium 
after 5 min, compared with ( + )-catechin, which reached 
equilibrium after approximately 10 min. 4-NC, which has 
two available hydroxyl groups, had a stoichiometric value 
of n = 1.9 ±0.4 (mean±SD), which represents the reduc- 
tion of almost two DPPH molecules, a-tocopherol, which 
has only one available hydroxyl group, reduced more than 
one oxidant molecule (n = 1.2 ±0.2). A previously reported 
explanation for this finding is that the a-tocopherol radical 
may undergo dimerization, and the newly formed molecule 
might then be able to reduce a second DPPH molecule 
(20). For comparison, we also measured the extensively 
studied scavenger ( + )-catechin, which, due to its five 
available hydroxyl groups, showed the highest DPPH 
scavenging activity (n=4.3±1.4). 

Antioxidant activity of 4-NC assessed by the TBARS 
assay 

The protective effect of 4-NC and a-tocopherol on 
oxidative stress in egg PC vesicles and erythrocyte ghost 
membranes initiated by AAPH or FeS0 4 + H 2 0 2 was 
evaluated using the TBARS assay. MDA production as a 
function of 4-NC concentration is shown in Figure 2 for 
egg PC vesicles and in Figure 3 for erythrocyte 
membranes. In egg PC vesicles, the amount of MDA 
formed with Fe(ll)/H 2 0 2 was twice that formed with AAPH. 
For both oxidants, the level of MDA decreased gradually 
with the concentration of 4-NC. a-tocopherol showed a 
small protective effect against oxidation by AAPH, and, in 
the case of Fe(ll)/H 2 0 2 , a-tocopherol was a pro-oxidant 
(Figure 2). In erythrocyte ghost membranes, the level of 
MDA formed with Fe(ll)/H 2 0 2 in the absence of an 
antioxidant was nearly triple that formed with AAPH 
(Figure 3). When lipoperoxidation was initiated by AAPH, 




Antioxidant (yM) Antioxidant (mM) 

Figure 2. Effect of 4-NC (filled circles) and a-tocopherol (open 
circles) on MDA production in egg PC vesicles oxidized with AAPH 
(A) or FeS0 4 + H 2 0 2 (S). Egg PC vesicles (1.6 mM) were incubated 
with several concentrations of 4-NC for 1.5 h at 37°C. Lipid 
peroxidation was initiated by a 3-h incubation with 30 mM AAPH 
at 37°C or a 1-h incubation with 0.1/1 mM FeS0 4 /H 2 0 2 at 37°C. 
4-NC: 4-nerolidylcatechol; MDA: malondialdehyde; AAPH: 
2,2'-azobis(2-aminopropane) hydrochloride; PC: phosphatidylcholine. 



the level of MDA decreased slowly with increasing 
antioxidant concentrations (Figure 3A), and protection of 
a-tocopherol against lipoperoxidation was less efficient 
than the protection of 4-NC. 

For membranes oxidized by Fe(ll)/H 2 0 2 (Figure 3B), 
MDA formation decreased abruptly with increasing con- 
centration of both antioxidants. These results show that, 
in ghost membranes, 4-NC had a greater protective effect 
against attack by aqueous hydroxyl radicals, which are 
generated by the Fenton reaction, than against attack by 
peroxyl radicals, which arise from thermal decomposition 
of AAPH by its reaction with oxygen. At a concentration of 
2.5 uM 4-NC, the protection rate for hydroxyl radicals was 
approximately 95%, whereas the same 4-NC concentra- 
tion showed a maximum protection of approximately 13% 
for peroxyl radicals. 

Protective effect of 4-NC evaluated by EPR 
spectroscopy 

EPR spectra of 5-DSA in RBC ghosts, as shown in 
Figure 4, show a reduction of membrane fluidity upon 
exposure to 50 mM AAPH for 3 h at 37°C. The change in 
membrane fluidity was assessed by the spectral EPR 
parameter 2A// - the outer hyperfine splitting. This is a 
practice parameter that is measured directly in EPR 
spectra and has been widely used to monitor membrane 
fluidity, although, in principle, it is a static parameter 
associated with orientation distribution of spin labels in the 
membrane. Another EPR parameter obtained by spectral 
simulation, the rotational correlation time, has the 
advantage of taking into account the spectrum as a 
whole, and provided essentially the same results. For 
simplicity, only data obtained by 2A// are presented in this 
study. Membrane alteration was completely prevented by 
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Figure 3. Effect of 4-NC (filled circles) and a-tocopherol (open 
circles) on TBARS formation in erythrocyte ghost membranes 
oxidized with AAPH (A) or FeS0 4 + H 2 0 2 (B). Ghosts (4 mg 
protein/mL) were incubated with the desired concentrations of 
4-NC for 1.5 h at 37°C. Erythrocyte ghost membranes were 
oxidized by incubation with 50 mM AAPH (3 h at 37°C) or 
0.2/2 mM FeS0 4 /H 2 0 2 (1 h at 37°C). 4-NC: 4-nerolidylcatechol; 
TBARS: thiobarbituric acid-reactive substances; AAPH: 2,2'- 
azobis(2-aminopropane) hydrochloride. 
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Figure 4. Experimental (black line) and best-fit (red line) EPR 
spectra of 5-DSA in erythrocyte ghost membranes: A, oxidized with 
50 mM AAPH; 6, control sample (not oxidized); C, a sample pre- 
treated with 100 \M 4-NC and then oxidized (50 mM AAPH). The 
EPR parameter 2A ff represents the separation in magnetic-field 
units between the first and last resonance lines of the spectrum. 
The vertical lines indicate the 2A// for the oxidized sample (the total 
magnetic field scan range of the spectrum was 1 00 G). The values 
of both the 2A// and the rotational correlation time (t c ) parameters 
(shown in the figure for each spectrum) were greater for the 
oxidized sample, indicating a reduction in molecular dynamics or 
increased molecular order. Another indication of this loss of probe 
mobility in the oxidized sample is the smaller relative intensity of the 
resonance line, which is indicated by an arrow (and intensity value) 
in each spectrum. The estimated experimental errors for 2A W and x c 
are 0.5 G and 0.2 ns, respectively. EPR: electron paramagnetic 
resonance; AAPH: 2,2'-azobis(2-aminopropane) hydrochloride; 
4-NC: 4-nerolidylcatechol. 

preincubation with the antioxidant 4-NC for 1.5 h at 37°C 
(Figure AC). The EPR spectra of 5-DSA in RBC ghosts 
were not altered in the presence of antioxidants 4-NC or 
ot-tocopherol up to a concentration of 1 00 uM. A small effect 
in membrane fluidity was observed for these compounds at 
concentrations approximately 10 times higher. 

The 2A// value increased with increasing concentra- 
tions of AAPH in the RBC ghost suspension and reached 
a maximum level of approximately 2 G at a concentration 
of approximately 50 mM AAPH (Figure 5A). Interestingly, 
the results from the MDA test showed a behavior similar 
to that of the EPR 2A// parameter. Based on the plot 
shown in Figure 5A, 50 mM AAPH was chosen to induce 
lipoperoxidation in this system. As shown in Figure 5B, 
preincubation with increasing concentrations of the 
antioxidant 4-NC completely prevented the change in 
membrane fluidity due to lipid peroxidation, whereas the 




AAPH (mM) 

Figure 5. A, EPR parameter 2A ff of 5-DSA in erythrocyte ghost 
membranes (filled circles) and MDA formation (open circles) as a 
function of the concentration of the oxidizing agent AAPH after 
incubation for 3 h at 37°C. fi, Antioxidant activity of 4-NC (filled 
circles) and ot-tocopherol (open circles), as evaluated by the 
spectral parameter 2A W . Non-oxidized membranes were used as 
the control (filled triangle). The erythrocyte membranes were 
previously incubated with the antioxidants for 1.5 h at 37°C and 
then incubated with the radical initiator AAPH (50 mM, for 3 h at 
37°C). EPR: electron paramagnetic resonance; 5-DSA: 5-doxyl 
stearic acid; MDA: malondialdehyde; AAPH: 2,2'-azobis(2- 
aminopropane) hydrochloride; 4-NC: 4-nerolidylcatechol. 

corresponding preincubation with a-tocopherol provided 
only partial protection. A decrease of 2 G in the parameter 
2A// relative to the oxidized sample was observed with 
approximately 50 uM 4-NC, whereas the maximum 
decrease in this spectral parameter for a-tocopherol was 
only 1 G. 

Figure 6A-C shows the EPR spectra of 5-DSA in RBC 
ghosts for three samples: oxidized with 200 uM/2 mM 
FeS0 4 /H 2 0 2 (spectrum A), preincubated with 100 \iM 

4- NC for 1.5 h at 37°C and then oxidized in the same 
manner (spectrum B), and a non-oxidized control sample 
(spectrum C). The EPR parameter 2A /; of 5-DSA for the 
oxidized RBC membranes increased by almost 2 G 
(spectrum A), and 100 uM 4-NC was able to prevent the 
corresponding reduction of membrane fluidity (spectrum 
C). The iron concentration dependence of 2A// for the 

5- DSA probe in RBC ghost suspension containing 2 mM 
H 2 0 2 is shown in Figure 7A. The maximum 2A// value 
observed (approximately 2 G) is typical for lipoperoxida- 
tion (14-16). A concentration of 200 uM/2 mM FeS0 4 / 
H 2 0 2 was chosen to examine the antioxidant effects of 
4-NC and a-tocopherol as a function of their concentra- 
tion (Figure 7B). In this case, very small concentrations of 
both antioxidants were sufficient to almost completely 
prevent the change in membrane fluidity caused by lipid 
peroxidation. 

Discussion 

Several studies have assessed the degree of lipid 
peroxidation using EPR spectroscopy of spin-labeled 
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Figure 6. Experimental (black line) and best-fit (red line) EPR 
spectra of 5-DSA in erythrocyte ghost membranes: A, oxidized 
with 0.2/2 mM FeS0 4 /H 2 0 2 ; B, pre-treated with 100 uM 4-NC 
and then oxidized; C, control sample (non-oxidized). The vertical 
lines help to visualize the EPR parameter 2A//, the value of which 
is greater for the oxidized sample, indicating a more rigid 
membrane. The rotational correlation time (t c ) increased and 
the relative intensity of the resonance lines, indicated by arrows, 
decreased with increasing membrane rigidity. EPR: electron 
paramagnetic resonance; 5-DSA: 5-doxyl stearic acid; 4-NC: 
4-nerolidylcatechol. 



lipids incorporated into membranes. For instance, the 
chilling stress in coffee seedlings caused by exposure of 
the plant to 10°C for 6 days in darkness led to membrane 
stiffness of the plant root, growth inhibition, changes in 
metabolic rates, and MDA formation. These alterations 
were interpreted to be a result of lipid peroxidation 
(14,16). The increase in the 2A// parameter of 5-DSA 
measured directly in intact root-tip segments was approxi- 
mately 2 G for coffee seedlings exposed to chilling stress. 
A similar increase in the 2A// value, generated by iron- 
induced lipoperoxidation in the mitochondrial membrane, 
was prevented by 25 u.M dipyridamole, a coronary 
vasodilator (15). These data are consistent with the 
maximum increase in the 2A// parameter of approximately 
2 G observed here for ghost membranes oxidized with 
AAPH or Fe(ll)/H 2 0 2 . Membrane rigidity in rat liver 
microsomes, as assessed by fluorescence spectroscopy, 
has also been associated with lipid peroxidation that is 
induced by combining FeCI 3 -ADP-NADPH (19) or Fe 2 + - 
ADP-ascorbic acid (18). EPR spectroscopy of the spin 
label 5-DSA was used to monitor cell membrane fluidity in 
the human hepatocellular carcinoma cell line HepG2 in a 




0 150 300 450 Antioxidant ( ( iM) 



FeS0 4 (mM) 

Figure 7. A, FeS0 4 concentration dependence of the EPR 
parameter 2A// of the spin label 5-DSA in erythrocyte ghost 
membranes. The erythrocyte ghost membranes were incubated 
with 2 mM H 2 0 2 and different concentrations of FeS0 4 for 3 h 
at 37°C. 6, Antioxidant activity of 4-NC (filled circles) and 
a-tocopherol (open circles) as evaluated by the spectral 
parameter 2A W . Non-oxidized membranes were used as the 
control (filled triangle). The erythrocyte membranes were 
previously incubated with antioxidants for 1.5 h at 37°C and 
then incubated with 0.2/2 mM FeS0 4 /H 2 0 2 for 3 h at 37°C. EPR: 
electron paramagnetic resonance; 5-DSA: 5-doxyl stearic acid; 
4-NC: 4-nerolidylcatechol. 

study that showed that tea catechins can protect cells 
from lead-induced lipid peroxidation, decreased mem- 
brane fluidity, and cell viability (17). In the membrane 
model of sonicated soybean phospholipid vesicles, the 
effect of lipid peroxidation with iron/ascorbate on mem- 
brane fluidity was dependent on the nitroxide position 
along the fatty-acid chain. Maximum rigidity was observed 
for the positional isomers 10- and 12-DSA (25). 

The EPR spin-labeling technique is a reliable comple- 
mentary method to assess the degree of lipid peroxidation 
in cell membranes. Lipid peroxidation causes a reduction in 
membrane fluidity, which is well characterized by EPR 
spectra. Cell membrane fluidity can be modified by the 
addition of hydrophobic molecules in the millimolar 
concentration range that are distributed throughout the 
bilayer. On a time scale of fast rotational motion, these 
molecules generally destabilize the lipid tail packing and 
weaken the hydrogen-bonded network of the polar inter- 
face. The cases of molecules with opposite effects in the 
membrane are less common. For example, cholesterol, 
when added (millimolar range) into the membrane, facil- 
itates lipid packing, generating molecular order or 
decreased fluidity, which is detectable by the spin label 
method. In our study systems, the oxidant and the 
antioxidant compounds were added to the membrane in 
micromolar concentrations, with the exception of AAPH 
(100 mM), which is a water-soluble molecule that does not 
alter membrane fluidity. The present study also suggests 
that EPR spectroscopy can be useful to assess lipid 
peroxidation in more complex systems, such as cells, as 
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has been performed previously in the root tip segments of 
coffee seedlings (14,16). 

Our results show that in erythrocyte ghost mem- 
branes, very small concentrations of a-tocopherol or 4-NC 
were sufficient to prevent the lipid peroxidation caused by 
hydroxyl radicals, but when the lipid peroxidation was 
induced by peroxyl radicals, the antioxidants, especially 
a-tocopherol, were much less effective. It has been 
demonstrated that the hydrophilic radicals generated from 
AAPH attack the protein component of the RBC mem- 
brane, and that a-tocopherol can inhibit lipid peroxidation. 
However, it does not prevent protein oxidation (26,27). 
Protein degradation could hinder protection against lipid 
peroxidation for these lipid-soluble antioxidants. However, 
our results for a-tocopherol in egg PC vesicles and ghost 
membranes were quite different, a-tocopherol showed a 
pro-oxidant effect in egg PC vesicles when subjected to 
oxidation by the Fe(ll)/H 2 0 2 system (Figure 2B), whereas, 
for 4-NC, the results for the two membranes were 
consistent. Yamamoto and Niki (28) have shown that 
a-tocopherol incorporated into soybean vesicles reduces 
the ferric ion to the more reactive ferrous ion and that 
a-tocopherol may act either as an antioxidant or as a 
pro-oxidant depending on the experimental conditions. 
Consistent with our findings, the authors observed that 
a-tocopherol incorporated into intact erythrocyte mem- 
branes did not reduce ferric ion in the aqueous phase. 
Importantly, the erythrocyte membrane is more rigid than 
the egg PC bilayer, and thus a-tocopherol should find 
greater stability in the erythrocyte membrane, having less 
ability to fluctuate on the membrane to reach the ferric 
ions in the aqueous phase. 

Interestingly, antioxidants also behave as pro-oxidants 
under certain conditions, as explained above. Recently, it 
was demonstrated that 4-NC is a cytotoxic compound with 
the capacity to induce apoptosis in metastatic melanoma 
cell lines (8). The main mechanisms of action suggested 
for this apoptosis-inducing activity were the formation 
and accumulation of ROS, leading to DNA damage, 
induction of the tumor suppressor p53, an increase in the 
pro-apoptotic protein Noxa, and caspase-dependent 
apoptosis (9). However, we believe that further studies 
are necessary to demonstrate that the formation of ROS 
by 4-NC is the cause, rather than a consequence, of 
induced apoptosis in melanoma cells. P. umbellata 
extracts have also been shown to possess cytotoxic 
activity, with a high potency for growth inhibition in human 
cancer cell lines and antitumor activity in Ehrlich ascites 
carcinoma in male Swiss mice (29). 

The physiological function of a-tocopherol as an 
antioxidant has recently been the topic of polemic 
reviews (30-32). The ability of a-tocopherol to act as an 
antioxidant in vivo has been questioned. In fact, 
a-tocopherol has been shown to function as a cell-signaling 
agent (30). Other authors argue that as a chain-breaking 
antioxidant, vitamin E acts only as the main protector 



against in vivo lipid peroxidation (31,32). An important 
feature of a-tocopherol is its ability to act as an antioxidant 
at very low concentrations in biological membranes. 
Atkinson et al. (32) reviewed the amount of a-tocopherol 
reported for several membranes, as expressed in the molar 
percentage relative to the amount of phospholipids in each 
membrane. Measurements of a-tocopherol in the mem- 
branes of rat liver mitochondria, human platelets, rat lung, 
rat brain cortex, and rat liver microsomes ranged from 0.1 
to 1.0 mol%. Considering that the phospholipid concentra- 
tion in RBC membranes is 0.76 mg/mg protein (33), our 
data showed that both 4-NC and a-tocopherol have a large 
protective effect at 0.1 mol% against 200 u.M/2 mM 
FeS0 4 /H 2 0 2 (Figure 7B), whereas an appreciable protec- 
tion from AAPH was observed at 0.4 mol% 4-NC, and a 
moderate level of protection from AAPH was observed at 
2.5 mol% a-tocopherol (Figure 5B). This finding indicates 
that our in vitro results are consistent with the in vivo data 
reported for a-tocopherol activity in terms of its concentra- 
tion in the membrane (32). 

The irradiation of human skin with solar-simulated 
ultraviolet light depletes a-tocopherol from the stratum 
corneum, the outermost skin layer (34). At doses below 
the 0.75 minimal erythema dose, the amount of 
a-tocopherol was depleted by almost 50% in human 
stratum corneum and by 85% in murine stratum corneum 
(34). These authors (34) suggested that the high 
susceptibility of a-tocopherol to ultraviolet radiation might 
be partially due to a lack of co-antioxidants in the stratum 
corneum (35). P. umbellata root extract gel, containing 
0.1% 4-NC prevented a-tocopherol depletion in the skin 
of hairless mice following ultraviolet irradiation (3,4). 
In response to UVB radiation in the skin of hairless 
mice, MMP-2 and -9 were inhibited in the presence of 
4-NC (5). Recently, the single application of a topical 
a-tocopherol-enriched rinse-off product led to significantly 
increased levels of vitamin E in the stratum corneum, and 
contributed to the protection of human skin against lipid 
peroxidation in vivo (36). These findings suggest that 4-NC 
could be used in topical formulations for treatment of 
human melanomas or as a topical agent to protect the skin 
from sunlight irradiation. Due to its hydrophobic nature, 
4-NC can be easily incorporated into the intercellular 
membranes of the stratum corneum and can be associated 
with fluidity and permeation enhancers such as the 
monoterpenes 1,8-cineole, limonene, and a-terpineol 
(23,24), which are low in toxicity and could serve as a 
delivery system for this compound to the epidermis. 

Our results show that compound 4-NC, which can be 
isolated from the native Brazilian species P. umbellate, is 
a potent lipid-soluble in vitro antioxidant. In erythrocyte 
ghost membranes, both 4-NC and a-tocopherol provided 
very efficient protection against the lipid peroxidation 
initiated by hydroxyl radicals. However, a-tocopherol was 
less efficient than 4-NC when the lipoperoxidation was 
initiated by peroxyl radicals. In egg PC vesicles, 4-NC had 
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a protective effect against hydroxyl and peroxyl radicals, 
whereas a-tocopherol had a minor protective effect 
against peroxyl radicals and had a pro-oxidant effect 
when lipoperoxidation was induced by the free radicals 
generated by iron/hydrogen peroxide. As a free-radical 
scavenger, 4-NC displayed a greater ability than a- 
tocopherol to reduce DPPH molecules: 4-NC was able 
to reduce two free radicals, whereas only one free radical 
was reduced by a-tocopherol. 
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